Mechanism of structural transformation in bismuth titanate
6-8 A similar phenomenon has been reported in the MgF 2 -Nb 2 O 5 system where multiple structure types have been observed within the same grain. [9] [10] [11] Though the structural relationship between the various Aurivillius phases has been developed from the crystal symmetry, 12,13 the mechanism of formation of the mixed-layer phases has not been established. The present work demonstrates a structural transformation occurring within a grain of the Bi 4 Ti 3 O 12 -Na 0.5 Bi 4.5 Ti 4 O 15 system and proposes mechanisms which might be responsible for this transformation.
Bismuth titanate powders were made by conventional solid state calcination of Bi 2 O 3 , TiO 2 , and Na 2 CO 3 precursors. The powders were mixed in a ball mill and calcined at 1000°C for 1 h. X-ray diffraction indicated that the major phase was Bi 4 Ti 3 O 12 . The calcined powder was then pressed into cylinders of ϳ1 cm diameter and 2 cm length with the aid of polyvinylalcohol ͑PVA͒ binder, and sintered in air at 1100°C for 30 min after binder burnout. Phase analysis of these sintered samples using the material analysis using diffraction ͑MAUD͒ Rietveld refinement program 14 indicated that there was a phase transformation while sintering and the major phase had changed to Na 0.5 Bi 4.5 Ti 4 O 15 . A study was done to investigate the phase content of the samples that were heated to different temperatures for varying durations and it was found that the transformation starts at 800°C and proceeds through the intermediate Na 0.5 Bi 8.5 Ti 7 O 27 structure. To study the mechanism of the transformation, thin disks ͑thickness ϳ0.5 mm͒ were cut from the compacts, and polished to the final size of ϳ200 m. These were then heated to 900°C for 15 min to initiate the structural transformation and quenched in water to freeze the transformation. 3 mm disks were cut from them and thinned further in the shape of a wedge using a tripod polisher. Finally the sample was bonded to a copper grid and ion milled at an inclination of 10°for 30 min using Ar gas and 5 kV gun voltage. High resolution transmission electron microscopy ͑TEM͒ was done using a JEOL JEM-2000 EX TEM at 200 kV accelerating voltage. Figure 1 shows a lattice image of the layertype structure viewed normal to the ͓001͔ direction with the Bi 4 Ti 3 O 12 and Na 0.5 Bi 4.5 Ti 4 O 15 structure types coexisting within the same grain. The image also shows some Moiré fringes that give valuable information about the mechanism of this structural transformation.
Even though the sample is electron transparent, it is expected to have a thickness of ϳ20 nm which corresponds to several tens of unit cells in thickness in the crystallographic a or b direction. If these layers of unit cells have defects in the stacking sequence of the perovskite-like blocks and the layer, it can result in the observed Moiré pattern as illustrated in Fig. 2 . Since each half of the bismuth titanate structure on either side of the ͑Bi 2 O 2 ͒ 2+ layer is shifted by 1 / 2 ͓100͔ ͑or 1/2 ͓010͔͒, the inclusion of a region of ͑Bi 2 O 2 ͒ 2+ within the slab of perovskite blocks in the defect-containing layers ͓Fig. 2͑e͔͒ reduces the energy of the formation of the antiphase boundary. The islands of ͑Bi 2 O 2 ͒ 2+ within the slab of perovskite blocks are separated by a distance of four perovskite blocks ͓i.e., four times the a ͑or b͒ lattice spacing͔ along the ͓001͔ direction. This is the height of half a unit cell of Bi 4 Ti 3 O 12 . From Fig. 1 the angle which the Moiré fringes make with the layers was measured to be ϳ33°. For achieving the same angle of the fringes in Fig. 2 , the necessary width of the ͑Bi 2 O 2 ͒ 2+ islands can be calculated as follows:
Thus the two halves of the perovskite slabs interspersed by the ͑Bi 2 O 2 ͒ 2+ islands have to be separated by approximately six a ͑or b͒ lattice spacings, resulting in the transformation front's intercepts on the a ͑or b͒ and c axes to be in the ratio 6:0.5, furthermore since the b / a ratio of bismuth titanate phases is very close to one, 15 it can be assumed that the transformation front has equal x and y Miller indices, which results in the transformation front having a Miller index of ͑12 12 1͒ relative to the Bi 4 Ti 3 O 12 phase.
Thus, based on this assumption it can be concluded that the structural transformation in bismuth titanate proceeds through a complex sequence of defects sweeping across the grain. The driving force for the formation of these defects is the minimization of antiphase boundary energy and the transformation front belongs to the ͕12 12 1͖ family of planes with respect to the Bi 4 Ti 3 O 12 phase. It can be seen in Fig. 1 that there are some regions where the distance between the ͑Bi 2 O 2 ͒ 2+ layers differ from the regular spacing of the pure phase. These faults correspond to intercalated layers of differing Aurivillius phases, and their presence indicates the possibility of transformation via a mechanism of layer-bylayer intercalation. 2+ surrounded by perovskite blocks; ͑f͒ when layers with these defects are stacked and viewed in transmission, we observe Moiré fringes, similar to those in Fig. 1 .
